In this research the impact of modifying the size distribution assumptions of the precipitating hydrometeors in a bulk one-moment microphysics scheme on simulated surface precipitation and storm dynamics has been explored for long-lived low-topped supercells in Belgium. It was shown that weighting the largest precipitating ice species of the microphysics scheme to small graupel results in an increase of surface precipitation because of counteracting effects. On the one hand, the precipitation formation process slowed down, resulting in lower precipitation efficiency. On the other hand, latent heat release associated with freezing favored more intense storms. In contrast to previous studies finding decreased surface precipitation when graupel was present in the microphysics parameterization, storms were rather shallow in the authors' simulations. This left little time for graupel sublimation. The impact of size distribution assumptions of snow was found to be small, but more realistic size distribution assumptions of rain led to the strongest effect on surface precipitation. Cold pools shrunk because of weaker rain evaporation at the cold pool boundaries, leading to a decreased surface rain area.
Introduction
Proper simulation of deep moist convection in midlatitude regions is still a difficult task, despite continuously improved physics and numerics over the past decades. Generally, the simulation of deep convection is associated with positive biases of the precipitation amounts and too vigorous updrafts (Weisman et al. 2008; Kain et al. 2008; Deng and Stauffer 2006) . It remains challenging to point to a specific model deficiency responsible for this bias. As parameterized microphysical processes affect both the precipitation formation process and the thermodynamics of convective systems, they have been thought to be a main contributor to overestimated surface rainfall.
Over the past decades, idealized studies with explicit cloud-scale models using bulk one-moment microphysics schemes (only predicting one moment; e.g., the mixing ratio) suggested that mainly the largest precipitating hydrometeor type (graupel or hail) has the largest influence on both the surface precipitation and the (thermo) dynamic processes within deep convective systems. Most studies were conducted for deep convection, and all found surface precipitation to increase as the size of hail or graupel increased (McCumber et al. 1991; Gilmore et al. 2004, hereafter GSR04; van den Heever and Cotton 2004, hereafter VC04 ). The precise nature of the impact was found to vary a lot among different studies, however. Some studies found a small impact on the accumulated surface precipitation-for example, VC04 and Cohen and McCaul (2006) -although the rainfall was spread over a larger area when the size of hail stones was decreased. McCumber et al. (1991) found a slightly more important sensitivity of surface precipitation of about 30% for idealized cases of tropical convection when replacing the large hail formulation in the Lin et al. (1983) microphysics scheme by small graupel. GSR04 found the surface precipitation to decrease enormously by a factor of 3-4 when the largest precipitating ice species was weighted toward small graupel instead of large hail for idealized cases of midlatitude supercell and multicell convection.
Also, the influence on storm dynamics was found to be significantly different among different studies. Some found stronger near-surface downdrafts and enhanced low-level cooling as the size of hail or graupel decreased, such as Cohen and McCaul (2006) or VC04. However, GSR04 found low-level downdrafts and cold pools to be weaker in experiments, including small graupel instead of large hail.
It should be mentioned that differences exist in the design of the experiments and in the microphysical schemes used among previously mentioned studies. GSR04 only varied the constant intercept and density of the hail variable, while McCumber et al. (1991) also varied the coefficients associated with the fall speed relations and hence had a somewhat more sophisticated experimental design. Furthermore, very few studies were conducted to investigate the impact of modifying particle size distribution (PSD) characteristics of other precipitating hydrometeors, being rain or snow, on the simulation of severe convection. GSR04, for example, mention that they have performed a number of sensitivity experiments on the snow and rain size distributions, but that they found overall little impact. Li et al. (2009) found the fixed rain intercept parameter in a one-moment bulk scheme to enhance evaporation and cold pool intensity as compared to a bin microphysics scheme.
Over the past decade, more sophisticated microphysics schemes are becoming available, predicting more moments of the hydrometeor distributions, such as the number concentration (zeroth moment; e.g., Ferrier 1994; Seifert and Beheng 2006) , or the radar reflectivity (sixth moment; e.g., Milbrandt and Yau 2005) , or separating distribution into several size categories instead of applying formulations on the bulk of the distribution (bin or spectral microphysical schemes; e.g., Kogan 1991; Khain et al. 1999; Ovtchinnikov and Kogan 2000) . Similar sensitivity tests as presented here have been performed for such more sophisticated schemes (e.g., Morrison et al. 2009; Milbrandt and Yau 2006; Dawson et al. 2010) . However, it remains unclear what the main drawbacks for many processes are of the way size distributions in one-moment bulk schemes are represented. Moreover, because of the computational cost of the more advanced schemes, one-moment bulk microphysics schemes remain the workhorse in numerical weather prediction to this date, so sensitivity studies using such schemes are still very relevant.
In this research a systematic setup has been chosen to gradually implement modified size distribution assumptions of the rain, snow, and hail species in a simple onemoment bulk microphysical scheme within the Advanced Regional Prediction System (ARPS; Xue et al. 2000 Xue et al. , 2001 . All experiments are carried out for a case of extreme convection over Belgium, driven by strong shear conditions leading to a long-lived low-topped supercell. The main rationale for conducting this study is to understand if the differences in sensitivity found by previous research are caused by differences in the experimental design or different synoptic conditions. A further goal of this research is to investigate the sensitivity of moist processes to similar modifications to the snow and rain size distribution assumptions and to understand the physical mechanisms behind these sensitivities by means of extensive microphysical budget studies.
An overview of the model setup and synoptic and mesoscale aspects of the case studied is given in section 2. The experimental design is explained in section 3. In section 4 an overview of the results is given, discussing the storm dynamics and the microphysical budgets of each of the experiments performed. Concluding remarks are made in section 5.
Model setup and case description
a. ARPS description ARPS is a nonhydrostatic mesoscale meteorological model developed at the University of Oklahoma (Xue et al. 2000 (Xue et al. , 2001 . The finite-difference equations of the model are discretized on an Arakawa C grid, employing a terrain-following coordinate in the vertical direction. Advection is solved with a fourth-order central differencing scheme and leapfrog time stepping. Land surface processes are parameterized following Noilhan and Planton (1989) . The model was applied using one-way grid nesting with two levels. Data on a 0.258 horizontal resolution from the global operational model operated by the European Centre for Medium-Range Weather Forecasts (ECMWF) were used as initial conditions and as 6-hourly lateral boundary conditions for the model run with a 9-km grid spacing and a domain size of 1620 km 3 1620 km. Within this domain, a smaller domain centered over Belgium and covering 540 km 3 540 km with a 3-km resolution was nested. An overview of the model domain is shown in Fig. 1 . In all simulations, 50 levels were used in the vertical with a spacing of 20 m near the surface, increasing to 1 km near the upper-model boundary, which was located at a 20-km altitude. All simulations were initialized with a 12-h spinup period, beginning at 1200 UTC on the previous day. All of the analysis in the following sections is concerned with the 0000-0000 UTC period, excluding the spinup period, if not stated otherwise. Turbulence was represented by the 1.5-order turbulent kinetic energy (TKE) model, and Sun and Chang (1986) parameterization for the convective boundary layer. The KainFritsch (Kain and Fritsch 1993) cumulus parameterization was used in the largest domain, while no cumulus convection parameterization was used in the smaller domain. Cloud microphysics was parameterized following Lin et al. (1983) , including five hydrometeor types (cloud water, cloud ice, rainwater, snow, and hail) in both the large and small domains. To suppress numerical noise, a fourthorder monotonic computational mixing scheme was applied, following Xue (2000) .
b. Case description
During the afternoon of 1 October 2006, several tornadic supercell thunderstorms developed over northern France and moved over Belgium, causing severe damage. Figure 2 provides an overview of the synoptic conditions at 1200 UTC. A trough at the 500-hPa level extended over the British Isles with an upper-level low (ULL) across Ireland and a ridge extending from southern Europe to eastern Europe. Between the ULL and the ridge, a strong gradient was obvious, leading to the development of a strong jet streak with winds up to 60 m s 21 at 200 hPa. The left exit region of the jet streak was positioned over Belgium during the afternoon. At the surface, an occlusion, connected to a low pressure area beneath the ULL passed across Belgium during the morning preceding unstable air masses advected from northern France. While the 
thermodynamic instability, based on sounding data at 1200 UTC in Trappes (France, cross in Fig. 1 Groenemeijer and van Delden (2007) , these are typical values across northwestern Europe for tornado-producing thunderstorms. Onset of the supercell development in northern France was around 1400 UTC. Several supercell storms lasted more than 5 h and by then had reached the Netherlands and Germany. Localized precipitation accumulations up to 40 mm, hail (up to 2 cm), and several tornadoes were reported during this period.
Experimental design
Although many multimoment microphysics schemes have been developed over the past decade (e.g. , Ferrier 1994; Milbrandt and Yau 2005; Seifert and Beheng 2006) , most operational nonhydrostatic models still make use of the computationally less expensive one-moment schemes, which only have hydrometeor mass mixing ratios as prognostic variable. The microphysics scheme used in the control experiment of this study is the five-water species (cloud water, cloud ice, rain, snow, and hail) and the one-moment bulk scheme developed by Lin et al. (1983) . All falling hydrometeors are represented by exponential size distributions of the form
where N is the number of particles per unit volume per unit size range, D x is the maximum dimension of a particle, and N 0x and l x are the intercept and slope of the exponential size distribution, respectively. The subscript x denotes the water species (rain, snow, or hail). While the intercept parameter of all precipitating water species is assumed constant in the Lin et al. (1983) scheme (which is not a general feature of all one-moment bulk schemes), slope parameters, assuming all hydrometeors to be constant density spheres, are determined by
where r x is the hydrometeor density, q x is the hydrometeor mixing ratio, and r is the air density. An overview of specific formulations for the intercept, slope, density, and fall velocity for each of the precipitating water species in the Lin et al. (1983) scheme is provided in Table 1 . A number of sensitivity experiments have been designed to understand the implications of size distribution assumptions on the representation of moist processes in convection-resolving models. An overview of the impact of all sensitivity experiments on fall velocities for the precipitating hydrometeors is provided in Fig. 3 , and a detailed description of the modifications of the slope and intercept parameters, fall velocity, and density in all experiments is given in Table 2 .
First of all, as indicated by GSR04, quantitative precipitation seems to be very sensitive to the way the largest hydrometeor type, hail, is represented in the microphysical parameterizations. A first set of two experiments was designed to understand if the sensitivities found in idealized experiments only modifying the intercept parameter TABLE 1. Overview of the formulations for all precipitating hydrometeors used in the control experiment (ExpH).
Rain
Snow Hail N 0x N 0r 5 0.08 (Marshall and Palmer 1948 ) N 0s 5 0.03 (Gunn and Marshall 1958 ) N 0h 5 0.0004 (Federer and Waldvogel 1975) (Lin et al. 1983 ) l h 5 pr h N h rq h 0.25 (Lin et al. 1983 ) 
and density of the largest precipitating hydrometeor (GSR04) could be reproduced for our simulation of a lowtopped supercell in Belgium. Therefore, we performed two simulations: one using the intercept parameter and density value as in the original Lin et al. (1983) scheme, typical for large hail (referred to as ExpH); and one using a larger intercept parameter and lower density, identical to the values for small graupel in GSR04, referred to as ExpG 1 . Two inconsistencies exist in the ExpG 1 , however. First, the calculation of l H for graupel is done assuming constant density spheres, which is contradicted by observational studies (e.g., Locatelli and Hobbs 1974) . Second, the fall speed calculation of q h in the graupel-weighted experiment is done using the original formulations in the Lin et al. (1983) scheme, following Wisner et al. (1972) for large hail. To understand the impact of these inconsistencies on the simulation results, a more advanced version of the graupelweighted experiment was designed. This experiment (ExpG 2 ) has an identical intercept parameter and density as in ExpG 1 , but the slope parameter for a constant density sphere and the fall speed for large hail were not retained. Using empirically derived mass-diameter and fall speed-diameter relations of the form m x 5 a mx D x bmx and V x 5 a vx D x bvx , respectively, one can express the slope parameter (l x ) and the fall speed (V x ) as
, respectively.
The slope parameter and fall speed in ExpG 2 were calculated using Eqs. (3) and (4), respectively, and implementing the empirically derived constants a mx , b mx , a vx , and b vx for dense lump graupel of Locatelli and Hobbs (1974) . A another focus of this investigation was to gain understanding of the consequences of having improved size distribution assumptions for the snow and rain variables. A third set of two experiments was identical to ExpH and ExpG 2 , apart from the fact that the snow size distribution assumptions were represented more realistically. For snow, too, a constant density sphere assumption is maintained in the original Lin et al. (1983) formulation, which is contradicted by observational data (e.g., Houze et al. 1979) . Further, the assumption of a constant intercept parameter is not valid, as it is observed to vary over several orders of magnitude in the atmosphere (section 2.2 of Houze et al. 1979) . Therefore, Eqs. (3) and (4) have been used to calculate l x and V x , using the empirical relations derived by Locatelli and Hobbs (1974) for graupel-like snow. Further, we diagnosed the snow size distribution N 0S from air temperature, following Houze et al. (1979) . In this way a set of two experiments was designed, referred to as ExpHS and ExpGS.
The last two size distribution experiments were identical to experiments ExpHS and ExpGS, except for the rain variable. As for the snow intercept parameter, the rain N 0r is known to vary over several orders of magnitude (e.g., Waldvogel 1974) . Therefore, we diagnosed this parameter from the mixing ratio of rain, following Zhang et al. (2008) . These last two experiments are referred to as ExpHSR and ExpGSR. Caution should be taken when comparing the results of the different experiments, as we incrementally introduced changes in a series of experiments. This means comparison of ExpHSR against ExpH is difficult, as it is some unknown combination of the changes made in the snow and the rain size distribution (Stein and Alpert (Locatelli and Hobbs 1974) 1993). Therefore, we only compare pairs of experiments in which only one hydrometeor size distribution has been changed (i.e., ExpHSR against ExpHS, ExpHS against ExpH. . .). Table 3 summarizes the 0000-0000 UTC temporal evolution of the surface precipitation characteristics for all experiments and as derived from combining weather radar and a dense network of rain gauges (1 per 135 km 2 ), using a simple mean field bias adjustment (Goudenhoofdt and Delobbe 2009) . The radar used in this analysis is the C-band weather radar in Wideumont (indicated by the asterisk in Fig. 1 ), operated by the Royal Meteorological Institute of Belgium, performing a 5-elevation reflectivity scan every 5 min. Figure 4 provides the 24-h (0000-0000 UTC) accumulated surface precipitation as analyzed and as simulated in ExpH. Mean absolute error using the mean field bias adjustment was found to be about 1.5 mm during a 4-yr verification against an independent set of rain gauge stations (Goudenhoofdt and Delobbe 2009 ). To make a fair comparison between the analysis and the simulated precipitation fields, the analysis, having a spatial resolution of 600 m, has been aggregated to the ARPS grid. All simulated and observed 24-h accumulated surface precipitation estimates in the following paragraphs are for the region within a radius of 150 km from the radar location. From Fig. 4 and Table 3 , it is clear that the 24-h accumulated surface precipitation is larger in ExpH than the analysis. Surface precipitation tends to increase as the largest frozen precipitation species is weighted toward small graupel. When only the intercept parameter and the density are modified (ExpG 1 ), 24-h accumulated surface precipitation increases by 10%. Figure 5 shows the evolution over time of domain-averaged and maximum surface precipitation for the experiments including hail (Figs. 5a and 5c) and graupel (Figs. 5b and 5d ). Domain-averaged precipitation fallout in the ExpG 1 tends to be slightly delayed but soon becomes larger as compared to the ExpH. Maximum precipitation intensity, however, always remains about 30% lower throughout the simulation in ExpG 1 .
Results

a. Influence of graupel/hail size distribution
It is not sure whether the increase in surface precipitation in ExpG 1 is primarily a thermodynamic effect of (left) radar-rain gauge merging and (right) as simulated in the ExpH. Circle denotes a 150-km area around the position of the radar. All analyses throughout the text are concerned with this area. Therefore, surface precipitation shading outside the radar domain is dimmed.
additional latent heat release associated with freezing and condensation processes or whether it is a pure microphysical conversion effect, increasing the precipitation efficiency leading to more efficient turnover of vapor to surface precipitation. Precipitation efficiency (PE), following Sui et al. (2007) , is defined as
where P is the surface precipitation rate (kg s 21 ); Pwcdv is the vapor condensation; Pidpv and Psdpv are the vapor deposition on cloud ice and snow, respectively; and Pintv is ice initiation. Vapor deposition on hail is not considered in the Lin et al. (1983) microphysics scheme. Values of PE for both cases and all experiments are given in Table 3 . Cleary, PE is decreased in ExpG 1 as compared to ExpH. Figure 6 provides an overview of all conversion terms, aggregated over the domain covered by the radar and over the full precipitation period. While total vapor consumption by microphysical processes (Pwcdv, Pidpv, Psdvp, and Pintv-all negative terms in Fig. 6a ) increases by almost 20%, the surface precipitation increases by about 12%, resulting in slightly decreased PE [Eq. (5)]. This indicates that a larger portion of the condensate leaves the model by processes other than fallout to the surface in the ExpG 1 as compared to the ExpH. Indeed, a much larger portion of the condensate is returned to the vapor phase (positive terms in Fig. 6a ), mainly because of enhanced sublimation of graupel and rain evaporation (Pvsbg and Pvevr, Fig.  6a ), which are associated with a longer residence time aloft of graupel and rain, respectively. Graupel falls slower than hail and hence there is more time for sublimation. Moreover, graupel is completely melted to rain at the freezing level, while hail often even reaches the surface, leaving more time for rain evaporation in experiments including graupel instead of large hail.
Strongly increased vapor consumption in combination with slightly decreased PE can explain the increased surface precipitation amounts in ExpG 1 . The increased vapor consumption is mainly associated with enhanced cloud water condensation (Fig. 6a) . While it is hard to explain this increase from microphysical conversion processes alone, it might be revealing to analyze the thermodynamic effects of the presence of graupel as compared to large hail in the simulated convective storms. Latent heat release from all significant microphysical processes within storm updrafts containing graupel (ExpG 1 ) and hail (ExpH) is provided in Fig. 7 . As can be noticed in Fig. 6f , graupel growth occurs mainly through accretion of cloud droplets (Pgacw), while this growth mechanism is of much less importance in ExpH. This growth mechanism provides an additional significant heat source within updrafts containing graupel (ExpG 1 ). Furthermore, more heat is released due to the freezing of rain drops at contact with cloud ice (Piacr). Although cooling associated with melting of small graupel-hail (Prmlg) is larger in ExpG 1 as compared to ExpH, the net effect of enhanced Pgacw, Piacr, and Prmlg is a nonnegligible additional heat source in ExpG 1 , indicated by the gray line representing the net heat release in storm updrafts in Figs. 7a and 7b .
The additional latent heat release invokes a larger number of grid cells experiencing vertical velocities beyond 1 m s
21
, as can be seen from Fig. 8b , in which information on vertical velocities is summarized by means of contoured frequency by altitude diagrams (CFADs). This is consistent with the findings of GSR04, who found larger updraft volumes and intensities in experiments weighted toward small graupel. As updrafts are enhanced in ExpG 1 , adiabatic processes of expansion and cooling become more intense, in turn leading to enhanced cloud water condensation (Pwcdv) and cloud ice deposition (Pidpv). Hence, increased freezing processes associated with the presence of graupel initiate a positive feedback mechanism leading to enhanced vapor consumption by microphysical processes. As the increased loss rates due to sublimation of graupel, leading to decreased PE, counteract this feedback mechanism, surface precipitation is only slightly increased, however.
The different relation between surface precipitation and the size distribution characteristics of the largest precipitating ice species in the experiments presented here and FIG. 6. Total production and loss (10 11 kg) summed over the domain and over 24 h (0000-0000 UTC) during the shear-driven case for (top) (a) q y and (b) q c , (middle) (c) q r and (d) q i , and (bottom) (e) q s , and (f) q h and for left to right experiments ExpH, ExpHS, ExpHSR, ExpG 1 , ExpG 2 , ExpGS, and ExpGSR. Naming convention is so that the species experiencing gain (loss) is represented by the first (last) letter. Third and fourth letters indicate the type of interaction: ev (evaporation), sb (sublimation), cd (condensation), dp (deposition), nt (initiation), ac (accretion), f (Bergeron process), and ml (melting). When three species are involved, the third letter indicates the accreting species.
found in many other studies, such as McCumber et al. (1991) and GSR04, are probably due to differences in the thermodynamic environment. Vertical wind shear was mentioned by GSR04 as an important contribution to surface precipitation sensitivity when varying the size of hail or graupel. The stronger the wind shear in their experiments, the more surface precipitation was reduced when large hail was replaced by small graupel. This definitely explains part of the variability found in sensitivity among different previously conducted studies. ). On the other hand, vertical wind shear in our simulations was very similar as compared to the experiments of GSR04.
A second parameter introducing variability in surface precipitation sensitivity might be the depth of storm systems. All previously mentioned studies finding decreased surface precipitation when graupel was included instead of large hail were associated with very deep storm systems, having cloud tops above 12 km, which are common in the North American warm season. Our simulations were conducted for low-topped supercell storms, however, with cloud tops below 8 km. The maximum in the mean vertical graupel profile was, for example, found at 9000 m in GSR04 as compared to 4000 m in our experiments (Fig. 9) . This means that solid precipitation has to traverse a much longer distance through the atmosphere before reaching the melting level in simulations having deep storm systems, leaving more time for evaporation and sublimation. Indeed, while in ExpG 1 graupel loss due to sublimation is less than 20% of total graupel loss (Fig. 6f) , the sublimation process in the similar N8r4 experiment of GSR04 accounts for almost half of the graupel loss (their Figs. 6 and 7) . In their simulations the reduction in PE associated with the enhanced sublimation is likely to be much more important, so that it outweighs the enhanced latent heat release. Therefore, surface precipitation in their simulations is decreased in contrast to our findings. It should also be mentioned that many of the previously mentioned studies were based on rather short simulations; so it could be that the differences in surface precipitation in those studies would have become smaller if the simulations had lasted longer, as much of the precipitation could still have had time to fall out.
Significant differences among different studies exist also in the way downdrafts and cold pool characteristics are affected by varying the size distribution of the largest precipitation ice species. Some studies find stronger lowlevel downdrafts and cold pools in experiments weighted toward large hail (e.g., GSR04), while other studies find the stronger downdrafts and cold pools in experiments weighted toward small graupel (e.g., VC04). Surface cold pools originate from intense evaporation and melting processes within storms, triggering strong downdrafts that are forced to diverge when reaching the surface. Cold pools are important features for storm development, as intense propagating cold pools are capable of inducing severe updrafts on their frontal boundary. Furthermore, they can aid in the development of baroclinically generated horizontal vorticity, which can in turn affect the tilt of the convective system. It is clear that in ExpG 1 downdrafts are much more vigorous below the melting level (Fig. 8b) as compared to ExpH (Fig. 8a) . This can be explained by intense cooling by the melting of graupel and evaporation of rain within downdrafts below this level (Fig. 10b) . The instantaneous melting of graupel when temperatures rise above zero induces a sudden cooling, which does not occur in the ExpH (Fig. 10a) .
While lower atmosphere cooling and downdraft velocity is significantly affected by the presence of either hail or graupel, the difference in average surface cold temperature perturbation is fairly small, as can be inferred from Fig. 11 . Figure 11 provides the time evolution of average and maximum cold pool intensity and cold pool size during all experiments. Equivalent potential temperature (u E ) is approximated here as
where u is the potential temperature, L V denotes the latent heat of vaporization, w S is the saturated vapor mixing ratio, c p is the specific heat of air at constant pressure, and T is the temperature. The equivalent potential temperature perturbation (u9 E ) is the departure from the domain wide horizontal average of u E . The maximum cold pool u9 e is even surprisingly found in experiments weighted toward large hail. In those experiments, cold pools rapidly gain intensity mainly during the first hours of storm development, while cold pool buildup is slower in the graupelweighted experiments (Figs. 11c and 11d) . After 1500 UTC, differences in cold pool characteristics between ExpH and ExpG 1 disappear. Figure 12 provides more detailed insight into the storm and cold pool structure in ExpH and ExpG1. These cross sections were taken through one of the two main supercell storms developing in the domain at 1500 UTC, when storms became mature. As can be derived from Figs. 11c and 11d, clear differences in cold pool characteristics between the ExpH and the ExpG 1 were still present at this time. From the horizontal cross sections, it is clear that intense cold pool areas are associated with the most vigorous downdrafts in the storms (denoted by the white 
contour). Both horizontal and vertical cross sections show that the most intense surface cold pools are found in the hail-weighted experiment, despite the more vigorous downdrafts in the graupel-weighted experiments discussed earlier. Those intense cold pool areas in the hail-weighted experiments are associated with intensively melting large hail reaching the surface (Figs. 12a and 12b ). It is likely that downdrafts initiated at midtropospheric levels diffuse on their way down, resulting in somewhat broader but less intense cold pool areas, while it is the low-level cooling (within the lowest kilometers of the troposphere or so), associated with hail melt and rain evaporation, that is responsible for the most intense cold pools. Although midlevel cooling processes are most vigorous in ExpG 1 , near-surface cooling is dominant in ExpH, leading to intense but localized cold pools associated with hail melt. This is also consistent with differences found in literature among different studies. Indeed, in VC04, some graupel reaches the surface in all experiments, contributing to cooling due to melting down to the surface. In experiments by GSR04 as well as in our experiments, having the weaker cold pools in the graupel-weighted experiments, all graupel is melted well above the surface; hence, cooling due to melting ceases at a few kilometers above the surface, leading to smaller minimum cold pool perturbation temperatures in those experiments. So far we only investigated the impact of modifying the hail intercept parameter and its density (ExpG 1 ). However, this leads to an inconsistency, as the fall speed calculation is still based on the large hail formulation of Wisner et al. (1972) . As graupel tends to fall slower than hail of the same size (as it is not a constant density sphere), we applied an additional experiment to understand the impact of applying more consistent fall speed and size distribution assumptions (ExpG 2 ). Surface precipitation in this experiment is almost unaffected as compared to ExpG 1 (Table 3 ; Fig. 5b ). From Fig. 3b it is clear that in the ExpG 2 , graupel is falling even slower as compared to ExpG 1 , which leads the graupel amount to grow even larger (Fig. 9) . As the graupel sediments slowly, more of it will sublimate (Pvsbg, Fig. 6f ) to the vapor phase instead of falling toward the surface and melting to rain (Prmlg, Fig.  6f ), which further decreases the precipitation efficiency (Table 3) . However, even more condensation occurs in response to the increased latent heat release associated with the riming growth of graupel (Pgacw, Fig. 6f ). The combination of both mechanisms yields almost no change in the surface precipitation.
b. Influence of snow and rain size distribution
In most [but not all, e.g., the Thompson et al. (2008) scheme] one-moment bulk microphysics schemes, snow has been represented as a constant density sphere and as having a constant intercept parameter. The impact of more realistic size distribution assumptions of snow on deep moist convection has rarely been investigated. Therefore, we further modified the setup of the experiments ExpH and ExpG 2 to use a temperature-dependent snow intercept parameter and assuming graupel-like snow instead of a constant density sphere for the slope parameter calculation (ExpHS and ExpGS). Accumulated surface precipitation in both experiments is very similar to their respective counterparts with the original snow size distribution formulations (Figs. 5a and 5b; Table 3 ). The impact of these experiments on both precipitation efficiency and thermodynamics (not shown) is virtually negligible.
As for the snow variable, the intercept parameter of rain is kept constant in most one-moment bulk microphysical schemes, while it is known to vary significantly from observational data (e.g., Waldvogel 1974 ). Therefore, experiments ExpHS and ExpGS were further modified to include a mixing-ratio-dependent rain intercept parameter (ExpHSR and ExpGSR). From the analysis of 2D video disdrometer data, Zhang et al. (2008) found the intercept parameter of the rain size distribution to increase as the rain mixing ratio increased, leading to relatively larger (and hence faster) drops at small rain mixing ratios as compared to distributions with a fixed Marshall and Palmer (1948) intercept parameter. In our experiments, this modification leads to a significant reduction (about 15%) in the accumulated surface precipitation and maximum rain rate (Figs. 5a-d; Table 3 ). From Fig. 3a it is clear that at high rain mixing ratios, the mixing-ratiodependent rain fall speeds are reduced by about 20%. This explains why maximum rain rates are reduced in this case.
However, it is odd that the accumulated total precipitation is also reduced, as there is no change in PE (Table 3) and updraft intensity is not clearly diminished (Figs. 13a and  13b) . Taking a look at the cold pool characteristics reveals the likely reason for the decreased surface rain amounts, however (Figs. 11a and 11b ). Cold pools in the experiments having a diagnosed rain intercept are consistently smaller than cold pools in the other experiments. From Fig. 3a , it is clear that rain sedimentation velocities are significantly increased for small mixing ratios and decreased for large mixing ratios, leaving less time for evaporation near the edges of storms and more time for evaporation in the high intensity cores. Furthermore, as the rain intercept parameter decreases with lower mixing ratios, the abundance of small drops decreases. Hence, fewer small drops and a smaller surface area-volume ratio further lead to reduced evaporation at the cold pool edges. This effectively shrinks the cold pool areas, while the inner parts remain as cold as compared to the experiments with constant rain intercepts (Figs. 11a  and 11b ). This finding is consistent with the recent findings of Dawson et al. (2010) and Li et al. (2009) . As updrafts are forced on the frontal outflow boundary of FIG. 11. (left) Hail-and (right) graupel-weighted experiments: (top) cold pool area (km 2 ) evolution, (middle) evolution of the minimum equivalent potential temperature perturbation (K) within cold pools, and (bottom) evolution of the mean equivalent potential temperature perturbation (K) within cold pools. Cold pools are defined as areas with an equivalent potential temperature below 22 K, compared to the mean value over the domain, excluding water areas.
propagating storms and the outflow area shrinks, storms tend to shrink too, eventually leading to storms having a similar intensity but smaller size as compared to the other experiments.
Summary and conclusions
In this research, a systematic setup was followed to investigate the influence of modified size distribution ). Heavily hatched area in (a) indicates the area with hail reaching the surface, and white contour denotes the area with strongest downdrafts. Arrows indicate the deviation of surface wind vector from the mean wind vector in the panel area. Vertical cross sections: Cross sections are taken along the mean wind vector and intersecting the largest equivalent potential temperature perturbation. Blue shading indicates the perturbation of the equivalent potential temperature from the average mean equivalent potential temperature within the panel domain (23 K increment) . Gray shading indicates the area with rain mixing ratios above 1.0 3 10 25 kg kg 21 , and hatched area denotes hail mixing ratios above 1.0 3 10 25 kg kg 21 . Arrows indicate the deviation of the wind vector from the mean wind vector in the panel area.
assumptions of rain, snow, and hail within a bulk onemoment microphysics scheme on microphysical and thermodynamical aspects of deep moist convection. The impact of modifying the size distribution assumptions of the largest precipitating ice (hail-graupel) species, snow, and rain has been explored for a long-lived low-topped supercell case over Belgium. Implementing an intercept parameter and density, typical for graupel instead of those typical for large-hail, leads to increased surface precipitation, in contrast to earlier findings by, for example, GSR04. It was found that although precipitation efficiency is decreased in the graupelweighted experiment, thermodynamical heating due to enhanced freezing processes yields stronger updrafts, more condensation, and more intense storms. Implementing a more sophisticated formulation for the graupel variable, taking into account the empirical relations found by Locatelli and Hobbs (1974) for the calculation of the slope parameter and the fall velocity, yields even lower precipitation efficiencies but also more vigorous updrafts. In the end, surface precipitation was only slightly diminished by the more advanced representation of graupel, showing that experimental design is probably not the main reason for the different responses found in previous studies. While GSR04 suggested that the decrease of surface precipitation with decreasing graupel size could be related to the strength of the vertical wind shear, we could show that this response is also strongly dependent on storm depth. The thermodynamic atmospheric conditions in our simulations provoked the development of lowtopped, rather shallow, supercell storms, while much deeper storms were simulated in most previously conducted studies. This left much more time for graupel sublimation and effectively reduced the precipitation efficiency in those simulations. In simulations by, for example, GSR04, more favorable thermodynamics due to additional latent heating could not catch up with the decreased precipitation efficiency, while this was obviously the case in our simulations.
Experiments implementing more realistic size distribution assumptions for the snow species, including a temperature-dependent intercept parameter and the use of empirical mass-diameter relations for the calculation of the slope parameter, did not affect moist processes or surface precipitation significantly. Somewhat more snow was present in the simulations with modified size distribution assumptions, but this was not sufficient to impact precipitation efficiency or the thermodynamics of the storms. Implementing a mixing-ratio-dependent intercept parameter of the rain size distribution led to the most significant decrease in surface precipitation, although still modest (15%) and without solving the positive precipitation bias. This could not be related to changes in the precipitation efficiency or thermodynamics, but a mechanism was proposed by which surface cold pools strongly shrunk because of weaker rain evaporation at the cold pool boundaries. As updrafts were forced on the frontal edge of propagating evaporative cold pools, storm size tended to shrink as well, leading to decreased accumulated surface precipitation amounts.
This paper addressed a number of questions raised by previous research and generally showed that size distribution assumptions of one-moment microphysics schemes significantly affect the latent heat release, the precipitation formation process, and cold pool dynamics during strong precipitation events. In-depth research, including detailed observations of these aspects, is indispensable to understanding how more advanced microphysics schemes with enhanced computational demand could improve each of these single aspects affecting the quantitative precipitation forecast.
